Parts that are manufactured with diamond tools on precision machines typically exhibit high -quality surfaces and contours.
Introduction
Parts that exhibit surface finishes of less that 250 nm (10 Bin) peak -to-valley are produced on precision, diamond -turning machines. These parts may be special optical components or simply hemishell test pieces used to evaluate the capability of a particular machine tool.
In either case, noncontact methods of part characterization are desirable both to protect the quality of the finished part and to avoid the uncertainties associated with the interface between the stylus and part surface.
Special techniques presently exist for the inspection of these high-quality parts; however, each of the methods has some inherent disadvantages.
Air -bearing linear variable differential transformers (LVDTs) are used successfully to characterize high-quality diamondturned parts.
However, it is necessary to fine tune these gaging systems to achieve a stylus force that is sufficient to track the part surface accurately, and to maintain a good response characteristic without marring the surface by "plowing through" an irregularity. Capacitance gages are used as noncontact transducers but have a limitation; as the spot size of interest decreases so does the standoff distance, thereby increasing the likelihood of inadvertently contacting and scratching the part. Optical techniques are quite useful in the evaluation of part quality through the interpretation of fringe patterns, but it is difficult to extract information about the various wavelengths present, as is required in the evaluation of precision machine tools.
The noncontact, laser interferometer sweep gage, developed at the Oak Ridge Y -12 Plant *, combines the high-accuracy sweep of the precision stylus instrument with the noncontact features of the capacitance gage and optical techniques.
It presents neither the partdamage potential nor the limitation on the evaluation of specific wavelengths associated with gaging methods previously discussed.
Noncontact, laser interferometer sweep gage Description of the inspection machine
The laser interferometer sweep gage is shown in Figures 1 and 2 .
It consists of a base that was fabricated as a metal casting, a precision air -bearing table for rotating parts, an air -bearing quill slide used to position a LVDT in the horizontal plane, an air -bearing quill that can be moved vertically as well as rotated, and the laser -interferometer equipment with the associated optics-positioning slides.
Spherical parts with diameters up to 190 mm (7.5 in) can be inspected using the focused laser beam, while circular items such as diamond tools or nonreflective parts can be inspected using the low -gage -force air -bearing LVDT.
(See Figure 3. 
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Noncontact, laser interferometer sweep gage

Description of the inspection machine
The laser Interferometer sweep gage Is shown in Figures 1 and 2 . It consists of a base that was fabricated as a metal casting, a precision air-bearing table for rotating parts, an air-bearing quill slide used to position a LVDT in the horizontal plane, an air-bearing quill that can be moved vertically as well as rotated, and the laser-interferometer equipment with the associated optics-positioning slides. Spherical parts with diameters up to 190 mm (7.5 in) can be inspected using the focused laser beam, while circular items such as diamond tools or nonref lect ive parts can be inspected using the low-gage-force air-bearing LVDT.
(See Figure 3- Laser Sweep Gage configured for Diamond Tool Inspection.
The radius of a particular part is determined by using the air -bearing LVDT in conjunction with a master part consisting of gage blocks or other reference such as a precision ball.
After nulling the LVDT on the reference surface, the radius of a part can be determined by again nulling the LVDT at the desired location and comparing the quill -slide laserdisplay reading at the point of interest with the display reading obtained on the reference surface. However, care must be exercised in determining the distance from the rotary -table center line to a point in space for maximum measurement accuracy. The reason is that the rotary -table plane of rotation and the line describing the direction of the quill -slide travel are not parallel. The tilt between the two axes produces an angular error of 15 pm /m (15 pin /in); therefore, the gage should be mastered with the LVDT near the same vertical location as the point of interest on the part surfaces. This also eliminates any potential errors encountered due to the lack of straightness of the vertical-quill -slide travel.
The angular error in the orthogonal direction is not so critical since it is the insensitive direction. The error is approximately 100 pm /m (100 pin /in) and corresponds to a size error of less than 75 nm (3 pin) per 25 mm (1 in) of vertical displacement when inspecting a 0.53 mm (0.21 in) radius.
The side -to -side misalignment of the rotary -table center line and the quill center line is approximately 6.35 pm (250 pin) at the rotary -table face; however, the misalignment decreases at increasing distances above the table top as a result of the annular tilt between the axes.
Before a particular part can be inspected, it must be aligned on the rotary table.
An initial, visual attempt at alignment is followed by focusing the laser beam onto the part surface; and final alignment is obtained using the laser display. Following alignment, the part is rotated until the desired reference point is coincident with the focused laser beam. Then the rotary table is used to rotate the part past the focused laser beam thereby providing the means for the measurement of contour, concentricity, and surface texture. When the mastering sequence is utilized, size information is also available. La s e r Swe e p Gage configured for Diamond Tool Inspection.
The radius of a particular part is determined by using the air-bearing LVDT in conjunction with a master part consisting of gage blocks or other reference such as a precision ba11. After n u11i n g t h e LVDT o n the r efe re nee surface, the r ad i u s of a p art can b e d e t ermined b y again nu1 ling the LVDT at the d esi r ed 1oc a t i on and comparing the quill-slide 1a s e rdisplay reading at the point of interest with the display reading obtained on the reference surface. However, care must be exercised in determining the distance from the rotary-table center line to a point in space for maximum measurement accuracy. The reason is that the rotary-table plane of rotation and the line describing the direction of the quill-slide travel are not parallel. The tilt between the two axes produces an angular error of 15 ym/m (15 yin/in); therefore, the gage should be mastered with the LVDT near the same vertical location as the point of i nt e r e st on the p ar t s ur fac e s. Th1s a 1 s o e1i mlnat es any potenti a1 errors encountered due to the lack of straightness of the vertical-qui11-slide travel. The angular error in the orthogonal direction is not so critical since it is the insensitive direction. The error is approximately 100 yrn/m (100 yin/in) and corresponds to a size error of less than 75 nm (3 yin) per 25 mm (1 in) of vertical displacement when inspecting a 0.53 mm (0.21 in) radius. The side-to-side misalignment of the rotary-table center line and the quill center line is ap p r o x imat e1y 6.35 y in (250 y1n) at the ro tar y-table fac e; h o we v e r, the misalignment decreases at Increasing distances above the table top as a result of the a n r u1ar t i11 b e t ween the axes.
An initial, visual attempt at alignment is followed by focusing the laser beam onto the part surface; and final alignment is obtained, using the laser display. Following alignment, the part is rotated until the desired reference point is coincident with the focused laser beam.. Then the rotary table is used to rotate the part past the focused laser beam thereby providing the means for the measurement of contour, concentricity, and surface texture. When the mastering sequence is utilized, size information is also available.
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The air-hearing LVDT is not used to sweep the part, but it must make point contact with the part to provide a null location during the mastering sequence.
Normally, the angular location of the air -bearing quill is adjusted during the initial setup to ensure that the LVDT contacts the part on the horizontal center line. For single -point measurements, only the quill angle that gives the maximum LVDT deflection must be established since the transducer is being; used only as a null device.
For sweep measurements, however, it may also be desirable to align the LVDT direction of travel parallel to the quill slide and to adjust the LVDT side -to -side location (using the reed bracket that attaches the LVDT to the quill) so that the LVDT tip is aligned with the centers of rotation of the air -bearing, rotary table and quill.
Fortunately, these adjustments are not critical because the scale factor in effect is determined prior to part inspection. A more-detailed masterino sequence is required for "small" radii such as those encountered with diamond tools.
Following the side -to -side and angular adjustments prior to part inspection, it may be necessary to set the vertical height of the LVDT in order to avoid possible damage to the surface finish.
If the quill slide cannot be moved vertically (to locate the part center line) while the LVDT is in contact with the part, then it is necessary to use a dummy part of the same size to establish the proper location.
After these adjustments are made, it is necessary to move (in a radial direction only) the LVDT on and off the part using the Linear axis to establish the desired reference location.
For parts that are not easily scratched, the setup can be made on the actual part.
Gage components
The sweep gage utilizes standard off-the -shelf air -bearing components and laser-interferometer optics. The 203 mm (8 in) rotary tabla exhibits a. radial and axial accuracy of +_25 nm ( ±1 pin), while the quill -slide straightness is 0.51 pm (20 pin).
The vertical -quill straightness is also 0.51 pm (20 pin). The resolution of the laser displays is 0.01 pm or 1 pin, while the up /down displacement pulses (provided by the noncontact -measurement display) have a resolution of 1/40 of the laser wavelength or approximately 16 nm (0.6 pin). These pulses, which represent variations in the part surface, are summed and converted into an analog signal that can be filtered and recorded on a polar chart or strip chart.
The two -axes laser interferometer is used with a beam splitter to measure both the horizontal quill -slide position and perturbations in the reflective surface of the part. While the dust can usually be easily removed, it may be necessary to utilize segmented testing to overcome the loss of beam alignment at certain locations on a part surface.
Ideally there should be no scratches or other imperfections on a finished precision part.
A 10X resolution extender is used in the part-measurement loop to obtain a nominal outputpulse value of 16 nm (0.6 pin).
(A 10X resolution extender is used with the quill -axis measurement to obtain the 0.01 pm or 1.0 pin display resolution.)
Unfortunately, the use of the extender precludes the use of a single -beam interferometer for making the noncontact measurements because of instability problems in the resultant laser system. However, the angular errors introduced by using the linear interferometer are quite small as shown in 
Gage checkout and part measurement
Gage stability and repeatability checks were conducted prior to using th--a -o for certification measurement:;.
These tests were conducted to evaluate the "loops" 1 .twe.n the laser optics and the part, as well as between the quill LVDT and the part.
The path from the remote interferometer and focusing lens to the part mounted on the rotary tabl. exhibited a noise level of +2 output counts or t32 nm ( +1.2 pin) with a 24 -hour stability of about 254 nm (10 pin).
The path from the plane-mirror interferometer to the quill slide showed a 24-hour stability of 381 nm (15 pin) without an air supply to the quill slide and 1 pm (40 pin) with an air supply. However, this factor is not critical as long as the laser accurately infers the LVDT position by monitoring the location of the quill slide.
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The air-bearing LVDT is not used to sweep the part, but it must make point contact with the part to provide a null location during the mastering sequence. Normally, the angular location of the air-bearing quill is adjusted during the initial setup to ensure that the LVDT contacts the part on the horizontal center line. For single-point measurements, only the quill angle that gives the maximum LVDT deflection must be established since the transducer is being used only as a null device. For sweep measurements, however, it may also be desirable to align the LVDT direction of travel parallel to the quill slide and to adjust the LVDT side-to-side location (using the reed bracket that attaches the LVDT to the quill) so that the LVDT tip is aligned with the centers of rotation of the air-bearing rotary table and quill. Fortunately, these adjustments are not critical because the scale factor in effect is determined prior to part inspection. A more-detailed mastering sequence is required for "small" radii such as those encountered with diamond tools.
Following the side-to-side and angular adjustments prior to part inspection, it may be necessary to set the vertical height of the LVDT in order to avoid possible damage to the surface finish. If the quill slide cannot be moved vertically (to locate the part center line) while the LVDT is in contact with the part, then it is necessary to use a dummy part of the same size to establish the proper location. After these adjustments are made, it is necessary to move (in a radial direction only) the LVDT on and off the part using the linear axis to establish the desired reference location. For parts that are riot easily scratched, the setup can be made on the actual part.
Gage components
The sweep gage utilizes standard off-the-shelf air-bearing components and laser-interferometer optics. The 203 mm (8 in) rotary table exhibits a. radial and axial accuracy of ±25 nm (±1 yin), while the quill-slide straightness is 0.51 ym (20 yin). The vertical-quill straightness is also 0.51 ym (20 yin). The resolution of the laser displays is 0.01 ym or 1 yin, while the up/down displacement pulses (provided by the noncontact-measurement display) have a resolution of 1/40 of the laser wavelength or approximately 16 nm (0.6 yin). These pulses, which represent variations in the part surface, are summed and converted into an analog signal that can be filtered and recorded on a polar chart or strip chart.
The two-axes laser interferometer is used with a beam splitter to measure both the horizontal quill-slide position and perturbations in the reflective surface of the part. One beam from the splitter is passed to a plane-mirror interferometer that is used to detect quill-slide movement. The other beam is sent to a linear interferometer, focused, and reflected off the part surface.
The diameter of the focused beam is a function of the focal length of the lens used, and two separate lenses with focal lengths of 0.127 m (5 in) and 0.254 m (10 in) were chosen to provide total coverage of the gage part-size capacity without requiring excessive travel from the lens-positioning slide. The focused-beam diameter of the 0.127 m lens is 10 ym (0.0004 in), while the spot size associated with the 0.254 m lens is 20 ym (0.0008 in). The respective depths of field of the two lenses are 1.0 mm (0.040 in) and 4 mm (0.16 in). Dust or scratches on the part surface can result in problems with the smaller beam. While the dust can usually be easily removed, it may be necessary to utilize segmented testing to overcome the loss of beam alignment at certain locations on a part surface. Ideally there should be no scratches or other Imperfections on a finished precision part.
A 10X resolution extender Is used in the part-measurement loop to obtain a nominal outputpulse value of 16 nm (0.6 yin).
(A 10X resolution extender is used with the quill-axis measurement to obtain the 0.01 ym or 1.0 yin display resolution.) Unfortunately, the use of the extender precludes the use of a single-beam Interferometer for making the noncontact measurements because of Instability problems in the resultant laser system. However, the angular errors introduced by using the linear Interferometer are quite small as shown in Figure 4 .
Gage checkout and part measurement
Gage stability and repeatability checks were conducted prior to using the gage for certification measurements. These tests were conducted to evaluate the "loops" between the laser optics and the part, as well as between the quill LVDT and the part. The path from the remote interferometer and focusing lens to the part mounted on the rotary table exhibited a noise level of ±2 output counts or ±32 nm (±1.2 yin) with a 24-hour stability of about 254 nm (10 yin). The path from the plane-mirror interferometer to the quill slide showed a 24-hour stability of 381 nm (15 yin) without an air supply to the quill slide and 1 ym (40 yin) with an air supply. However, this factor Is not critical as long as the laser accurately Infers the LVDT position by monitoring the location of the quill slide. Calculation of the Error associated with the Focused Laser Beam.
The background noise level for this axis was ± 2 -3 counts or ± 31 -46 nm (± i.2 -1.8 pin) without air and ± 5 -10 counts or ± 1.2 -2.5 pm (3 -6 pin) with air. The higher amplitude of noise encountered with the qui11 -slide air supply on is due to building structurai vibration being conducted through the thin air film. Fortunately, this oscillation is at a frequency (60 Hz) that allows accurate measurements to be obtained using the averaging feature of the laser display.
Pitch tests were conducted on the gage linear axis using the laser with an angular interferometer.
The measured pitch over the 150 mm (6 in) travel path of the axis was approximately 0.4 arc seconds. This angular motion results in a. potential error of about 0.6 pm (24 pin) when coupled with the nominal 300 mm (12 in) Abbe offset between the plane mirror and the LVDT. Fortunately, the pitch error of the axis is relatively gradual and results in errors of less than 5 pm /m (5 pin /in) aver most of the slide travel. This allows accurate measurements to be made when th a is mastered at a location near the radius of interest.
Measurement repeatability checks were conducted using two diamond -turned solid-copper balls.
One of the nominal 50 mm (2 in) diameter balls was arbitrarily chosen as a reference master, and the other was used as a. test part.
After mastering the gage with the first ball, multiple measurements were made using the second ball to determine the repeatability of size measurements.
The test data indicate a total spread of 0.46 pm (18 pin) with a standard deviation of 0.114 pm (5.6 pin) about the mean. Actual gage accuracy depends on both the repeatability and accuracy of the mastering sequence.
Discussion
The extensive use of the laser interferometer on this noncontact inspection machine provides the potential for a high degree of accuracy and sophistication in establishing the characteristics of precision parts.
However, in order to utilize the capabilities of the laser system, it is necessary to use care in the alignment of the laser head and the associated optics.
The laser beam must be aligned parallel to the machine's linear axis and also must intersect the center line of the rotary table.
The first requirement is necessary to avoid cosine errors in the determination of the horizontal quill -slide position. The background noise level for this axis was ±2-3 counts or ± 31 -46 nm (± 1.2 -1.8 yin) without air and ±5-10 counts or ± 1,2 -2.5 ym (3 -6 yin) with air. The higher amplitude of noise encountered with the quill-slide air supply on is due to building structural vibration being conducted through the thin air film. Fortunately, this oscillation Is at a frequency (60 Hz) that allows accurate measurements to be obtained using the averaging feature of the laser display.
Pitch tests were conducted on the gage linear axis using the laser with an angular interferometer. The measured pitch over the 150 mm (6 in) travel path of the axis was approximately 0.4 arc seconds. This angular motion results in a. potential error of about 0.6 ym (24 yln) when coupled with the nominal 300 mm (12 In) Abbe offset between the plane mirror and the LVDT. Fortunately, the pitch error of the axis is relatively gradual and results In errors of less than 5 ym/m (5 yln/in) over most of the slide travel. This allows accurate measurements to be made when the gage Is mastered at a location near the radius of interest.
Measurement repeatability checks were conducted using two diamond-turned solid-copper balls. One of the nominal 50 mm (2 In) diameter balls was arbitrarily chosen as a reference master, and the other was used as a test part. After mastering the gage with the first ball, multiple measurements were made using the second ball to determine the repeatability of size measurements. The test data Indicate a total spread of 0.46 ym (18 yin) with a standard deviation of 0.14 ym (5-6 yin) about the mean. Actual gage accuracy depends on both the repeatability and accuracy of the mastering sequence.
The extensive use of the laser Interferometer on this provides the potential for a high degree of accuracy and characteristics of precision parts. However, In order t laser system, it Is necessary to use care In the alignme elated optics. The laser beam must be aligned parallel also must Intersect the center line of the rotary table. to avoid cosine errors In the determination of the horiz second condition Is required to avoid repositioning the part-measurement loop each time the part size Is signlfl noncontact inspection machine sophistication In establishing the o utilize the capabilities of the nt of the laser head and the assoto the machine's linear axis and
The first requirement Is necessary ontal quill-slide position. The laser optics associated with the c a n11y c hange d.
Noncontart measurements can be obtained by focusing the laser beam either on the part surface or ut the center of the rotary table. While the center-focusing technique avoids the necessity of lens-position readjustment each time the part size Is changed, it also results in a varying spot size as well as a significantly larger spot. The surface -focusing technique provides a more suitable framework for surface-texture measurements, although laser -beam alignment can be lost as a result of surface imperfections.
The surface -texture information is obtained by filtering the analog signal from either the LVDT (contact measurements) or from the digital -to -analog (D /A) converter associated with the laser (noncontact measurements). The filtering technique used to date depends on analog filters.
Unfortunately, with such a system it is difficult to differentiate between system noise and actual signals; and potential problems due to signal phase shift within the filters may be encountered.
Future efforts will include the utilization of a digital-signal analyzer in an attempt to differentiate between background noise and the actual signal and also to provide a means to determine the amplitudes of specific wavelengths. Digital filtering techniques will also be investigated in an attempt to avoid other phase -shift problems associated with analog 
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results In a varying spot size as well as a significantly larger spot. The surface-focusing technique provides a more suitable framework for surface-texture measurements, although laser-beam alignment can be lost as a result of surface Imperfections.
The surface-texture Information is obtained by filtering the analog signal from either the LVDT (contact measurements) or from the digital-to-analog (D/A) converter associated with the laser (noncontact measurements). The filtering technique used to date depends on analog filters. Unfortunately, with such a system it is difficult to differentiate between system noise and actual signals; and potential problems due to signal phase shift within the filters may be encountered.
Future efforts will include the utilization of a digital-signal analyzer in an attempt to differentiate between background noise and the actual signal and also to provide a means to determine the amplitudes of specific wavelengths. Digital filtering techniques will also be Investigated In an attempt to avoid other phase-shift problems associated with analog filters. l 
